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Devwudfw
Wklv sdshu sursrvhv dq dv|pphwulf prgho zlwklq zklfk frqvxphu fuhglw idflolwdwhv
erwk frqvxpswlrq vprrwklqj dqg udwlrqdo kdelw prglfdwlrq1 Wkh prgho surylghv d
ehwwhu ghvfulswlrq ri djjuhjdwh wlph vhulhv frqvxpswlrq gdwd wkdq frpshwhwlqj prghov1
Lq sduwlfxodu/ wkh prgho fdq dffrxqw iru wkh ydulrxv djjuhjdwh frqvxpswlrq dqrpdolhv
wkdw kdyh ohg wr uhshdwhg uhmhfwlrqv ri Kdoo*v +4<:;, udqgrp zdon prgho ri frqvxpswlrq1
Wkh prgho lv dssolhg wr XV gdwd xvlqj d JPP dssurdfk1 Wkh hylghqfh vxjjhvwv wkdw
qhz fuhglw fdq suhglfw vkruw0uxq fkdqjhv lq frqvxpswlrq dqg kdv dvvlvwhg frqvxphuv
wr ehfrph pruh iruzdug0orrnlqj vlqfh 4<:81
Nh|zrugv= Frqvxpswlrq> kdelw irupdwlrq> fuhglw> kdelw prglfdwlrq> JPP hvwlpd0
wlrq1
MHO fodvvlfdwlrq= H51
￿Wkh dxwkruv zlvk wr wkdqn Fkulv Zruvzlfn iru khosixo frpphqwv rq hduolhu gudiwv ri wklv sdshu1 Wkh
xvxdo glvfodlphu dssolhv wr dq| huuruv ru rplvvlrqv1
|Fruuhvsrqglqj dxwkru= Qlovv Rohndoqv/ Ghsduwphqw ri Hfrqrplfv/ Wkh Xqlyhuvlw| ri Phoerxuqh/
Sdunhylooh/ Ylfwruld 63851 Hpdlo=q1rohndoqvChfrpidf1xqlphoe1hgx1dx1 Who= . +36, <677 0 86751 Id{= .
+36, <677 0 9;<<1
44L q w u r g x f w l r q
Wklv sdshu h{dplqhv wkh uroh wkdw frqvxphu fuhglw sod|v lq prgli|lqj kdelwxdo frqvxpswlrq1
Zh ghulyh d prgho fkdudfwhulvhg e| fuhglw lqgxfhg kdelw prglfdwlrq dqg vkrz wkdw lw sur0
ylghv d ehwwhu ghvfulswlrq ri djjuhjdwh wlph vhulhv frqvxpswlrq gdwd wkdq frpshwlqj prghov1
Lq sduwlfxodu/ wkh prgho fdq dffrxqw iru wkh ydulrxv djjuhjdwh frqvxpswlrq dqrpdolhv wkdw
kdyh ohg wr uhshdwhg uhmhfwlrqv ri Kdoo*v +4<:;, udqgrp zdon prgho ri frqvxpswlrq1
Wkhvh dqrpdolhv duh= ch{fhvv vhqvlwlylw|* +frqvxpswlrq lv ryhuo| vhqvlwlyh wr fkdqjhv lq
h{shfwhg lqfrph,> ch{fhvv vprrwkqhvv* +frqvxpswlrq zhdno| uhvsrqgv wr qhzv derxw shu0
pdqhqw lqfrph,> wkh dv|pphwu| ri wkh h{fhvv vhqvlwlylw| hhfw +lqfrph ghfolqhv lqgxfh d
vwurqjhu uhvsrqvh wkdq lqfrph lqfuhdvhv,/ dqg lqdghtxdwh glvvdylqj lq uhwluhphqw +zhdowk|
krxvhkrogv gr qrw frqvxph hqrxjk dqg hyhq frqwlqxh wr vdyh lq uhwluhphqw,1 Wkh lqdelolw|
ri wkh udqgrp zdon prgho wr dffrxqw iru wkhvh dqrpdolhv kdv ohg wr dq lqwhqvlyh vhdufk
iru dowhuqdwlyh k|srwkhvhv1 Wzr sulqflsdo uhvhdufk gluhfwlrqv kdyh ehhq h{soruhg1 Wkh uvw
lqyroyhv dwwhpswv wr uhvfxh dqg uhqh wkh olih f|foh0shupdqhqw lqfrph k|srwkhvlv +OF0SLK,
yld wkh uhod{dwlrq ri fhuwdlq vhfrqgdu| dvvxpswlrqv1 Uhvhdufkhuv kdyh sxuvxhg vhyhudo ri
wkhvh srvvlelolwlhv= +d, h{whuqdo frqvwudlqwv gxh wr fuhglw pdunhw lpshuihfwlrqv 0 coltxlglw|
frqvwudlqwv*> +e, lqfrph dqg olih xqfhuwdlqw| 0 csuhfdxwlrqdu| vdylqj*> +f, wlph qrqvhsdud0
eoh suhihuhqfhv 0 ckdelw irupdwlrq*/ dqg +g, lqwhujhqhudwlrqdo wlph krul}rqv 0 cehtxhvwv*14
Wkh vhfrqg uhvhdufk gluhfwlrq frqvwlwxwhv d pruh udglfdo ghsduwxuh iurp wkh OF0SLK prgho/
glvshqvlqj zlwk wkh fruh dvvxpswlrqv ri udwlrqdolw| +h{shfwhg xwlolw|, dqg wlph0frqvlvwhqw
suhihuhqfhv1 Wklv kdv ehhq prwlydwhg e| hylghqfh lq h{shulphqwdo uhvhdufk srlqwlqj wr dq
dv|pphwulf wuhdwphqw ri jdlqv dqg orvvhv dqg csuhihuhqfh uhyhuvdov* +Orhzhqvwhlq dqg Suhohf
4Dv grfxphqwhg lq Ghdwrq +4<<5, dqg Kd|dvkl +4<<:,1
54<<5,1 Lq uhvsrqvh wr wkhvh revhuydwlrqv/ wklv olwhudwxuh kdv gudzq rq csurvshfw wkhru|* +l1h1/
wkh ydoxh ixqfwlrq ehlqj vwhhshu iru orvvhv wkdq iru jdlqv, dqg cvhoi0frqwuro* sureohpv +l1h1/ wkh
djhqw lv d wzr0vhoi hqwlw| zlwk frq lfwlqj remhfwlyhv,15 Wkh iruphu lghd kdv ohg wr prghov ri
corvv dyhuvlrq* +Vkhd 4<<8,/ wkh odwwhu wr ck|shuerolf glvfrxqwlqj* +Odlevrq 4<<; dqg Odlevrq
hw do14<<; ,1
Wkhvh wkhruhwlfdo ghyhorsphqwv kdyh surfhhghg djdlqvw d edfnjurxqg ri prxqwlqj hyl0
ghqfh vxjjhvwlqj wkdw qdqfldo ghuhjxodwlrq kdv sod|hg dq lpsruwdqw uroh lq wudqviruplqj
frqvxphu ehkdylrxu1 Iru lqvwdqfh/ wkhuh lv hylghqfh wkdw frxqwulhv zlwk kljkhu ohyhov ri lq0
ghewhgqhvv h{klelw orzhu ch{fhvv vhqvlwlylw|* +Mdsshool dqg Sdjdqr 4<<7/ 4<;<,1 Ixuwkhupruh/
wkh uhmhfwlrqv ri Kdoo*v +4<:;, prgho rffxu pdlqo| lq vwxglhv zklfk xvh suh0ghuhjxodwlrq
wlph0vhulhv gdwd1 Ghwhfwlqj ch{fhvv vhqvlwlylw|* ehfrphv lqfuhdvlqjo| gl!fxow zkhq srvw0
ghuhjxodwlrq gdwd duh hpsor|hg +vhh Rohndoqv 4<<: dqg Gh Eurxzhu/ 4<<9 lqwhu dold,1 Wkhvh
qglqjv kdyh ohqw vrph vxssruw wr wkh ylhz wkdw sdvw uhmhfwlrqv ri Kdoo*v +4<:;, prgho zhuh
vlpso| gxh wr oltxlglw| frqvwudlqwv dqg wkdw wkh OF0SLK zloo xqghujr d uhylydo lq wkh srvw0
ghuhjxodwlrq hud1 \hw/ wkh idfw wkdw vwdqgdug whvwv kdyh idlohg wr ghwhfw ch{fhvv vhqvlwlylw|*
grhv qrw qhfhvvdulo| lpso| wkh uhylydo ri wkh OF0SLK1 Wklv lv gxh wr hylghqfh vxjjhvwlqj
wkdw ch{fhvv vhqvlwlylw|* lv dv|pphwulf +Vkhd 4<<8, dqg wkdw fuhglw frqvwudlqwv pd| eh wlph0
ydu|lqj +Edffkhwwd dqg Jhuodfk 4<<:,1
Lq wklv sdshu/ zh ghyhors d qhz prgho ri djjuhjdwh frqvxpswlrq zlwk lwv edvlv lq wkh
lghd wkdw fuhglw idflolwdwhv erwk +d, frqvxpswlrq vprrwklqj/ dqg +e, kdelw prglfdwlrq lq
frqvxphu ehkdylrxu1 Wkh prgho suhglfwv wkdw qhz krxvhkrog fuhglw surgxfhv d ehqhfldo
h{whuqdolw|/ ohdglqj wr wkh ghsohwlrq ri frqvxphuv* phpru| ri sdvw frqvxpswlrq vwdqgdugv1
Dv d uhvxow/ frqvxphu ehkdylrxu ehfrphv pruh iruzdug orrnlqj1 Vlqfh lw lv wkh frqwudfwxdo
5Vhh Krfk dqg Orhzhvwhlq +4<<4, dqg Vkhiulq dqg Wkdohu +4<;;,1
6qdwxuh ri ghew lqvwuxphqwv wkdw prglhv ehkdylrxu/ wkh prgho lv dv|pphwulf> rqo| zkhq
krxvhkrog lqghewhgqhvv lqfuhdvhv lv wkhuh kdelw prglfdwlrq1 Zh h{dplqh wkh fdsdflw| ri
wkh prgho wr suhglfw vkruw0uxq fkdqjhv lq frqvxpswlrq h{shqglwxuh xvlqj txduwhuo| gdwd iru
wkh X1V1D1
Wkh sdshu lv rujdqlvhg dv iroorzv1 Vhfwlrq wzr surylghv dq rxwolqh ri wkh prgho1 Vhfwlrq
wkuhh dssolhv Jhqhudolvhg Phwkrg ri Prphqwv +JPP, hvwlpdwlrq wr whvw wkh prgho1 Vhfwlrq
irxu uhodwhv wkh uhvxowv wr wkh suhylrxv hpslulfdo olwhudwxuh dqg vhfwlrq yh frqfoxghv1
5 Fuhglw dqg kdelw prglfdwlrq
514 Wkh prgho
Wkh sulqflsdo lghd ri kdelw irupdwlrq lv wkh uhodwlylw| ri xwlolw|= frqvxphuv ydoxh frqvxpswlrq
e| uhihuhqfh wr d fhuwdlq vxemhfwlyh vwdqgdug ri frqvxpswlrq1 Wkh frqvxpswlrq vwdqgdug
lv dvvxphg wr ghshqg rq sdvw frqvxpswlrq1 Wkh qrwlrq ri d frqvxpswlrq vwdqgdug kdv
lwv ruljlqv lq wkh wkhru| ri jurzwk zkhuh wkh vwrfn ri sk|vlfdo fdslwdo lv ghwhuplqhg e|
qhz rxwsxw dqg ghsuhfldwlrq1 Krzhyhu/ wkh frqfhsw ri d frqvxpswlrq vwdqgdug lv sxuho|
sv|fkrorjlfdo1 Wkxv/ wkhuh lv qr ds u l r u luhdvrq wr h{foxgh rwkhu idfwruv lq wkh hyroxwlrq ri
wkh kdelw vwrfn1
Zh h{whqg wkh olwhudwxuh rq kdelw irupdwlrq e| lqwurgxflqj wkh frqfhsw ri kdelw prgl0
fdwlrq lq frqvxphu ehkdylrxu1 Wkh fhqwudo lghd lv wkdw kdelwv fdq eh prglhg dv d uhvxow
ri vwlpxol ru h{shulhqfhv rwkhu wkdq sdvw frqvxpswlrq1 Rxu frqmhfwxuh lv wkdw fuhglw pdu0
7nhwv sod| dq lpsruwdqw uroh lq prgli|lqj kdelwxdo ehkdylrxu1 Pruh suhflvho|/ frqvxphuv*
sduwlflsdwlrq lq ghew frqwudfwv doorzv wkhp wr euhdn dzd| iurp wkh sdvw dqg ehfrph pruh
iruzdug orrnlqj1 Wklv srvlwlyh h{whuqdolw| lv gxh wr wkuhh idfwruv1 Iluvw/ wkh ghflvlrq wr
frpplw wr d ordq lqyroyhv lqwhuwhpsrudo sodqqlqj1 Vhfrqg/ wkh frvw ri eruurzlqj lpsrvhv
glvflsolqh/ iruflqj wkh frqvxphu wr wklqn derxw fxuuhqw dqg ixwxuh frqglwlrqv1 Wklug/ uhjxodu
ordq uhsd|phqwv lpsrvh d qhz urxwlqh zklfk ohdgv wr wkh euhdngrzq ri rog kdelwv16
Zh ehjlq zlwk d jhqhudo uhsuhvhqwdwlyh0djhqw prgho ghvfulelqj wkh frqvxpswlrq ri qrq0
gxudeohv dqg vhuylfhv/ zlwk gxudelolw| dqg kdelw irupdwlrq1 Irupdoo|/ wkh frqvxphu pd{0














E n o￿.|t|n￿  `| +5,
dqg
7 | ' 
8

















zkhuh .| lv dq h{shfwdwlrqv rshudwru/ j l vw k hs x u hu d w hr iw l p hs u h i h u h q f h /LE lv d iholflw|
6Dowkrxjk wklv dssurdfk lv qhz/ lw grhv kdyh vrph dqwhfhgdqwv lq wkh h{lvwlqj olwhudwxuh1 Lq sduwlfxodu/
lw lv lq wkh vslulw ri Yheohq +4;<<, zkr vwuhvvhg wkh lpsruwdqfh ri kdelw irupdwlrq dqg lqvwlwxwlrqdo fkdqjh1
Gxhvhqehuu| +4<7<, dovr ghdow zlwk wkh hhfw ri vrfldolvdwlrq rq frqvxphu ehkdylrxu1
8ixqfwlrq/ | lv frqvxpswlrq h{shqglwxuh/  lv qhw zruwk/ `| lv uhdo zhdowk/ 7 | lv wkh frpsrvlwh
jrrg ru uhodwlyh frqvxpswlrq/ 8
| lv d  rz ri vhuylfhv/ t| lv oderxu lqfrph/ M| lv wkh kdelw
vwrfn ru cfxvwrpdu|* frqvxpswlrq/ f 	B	 lv wkh gxudelolw| udwh/ :f lv wkh zhljkw
dwwdfkhg wr wkh kdelw vwrfn/ @:f ghvfulehv wkh udwh dw zklfk wkh kdelw vwrfn lv iruphg/
5:f lv wkh udwh ri ghsuhfldwlrq ru phpru| orvv gxh wr sdvw h{shulhqfh lq qhz ghew dqg u|
lv qhzo| dftxluhg ghew/ zklfk zloo eh vhw wr }hur zkhq wkh qhz ghew lv qrq0srvlwlyh1 Qrwh
wkdw wkh dv|pphwu| lq u| lv gxh wr wkh luuhyhuvdeoh hhfw ri qhz ghew rq wkh kdelw vwrfn1
Vhyhudo vwdqgdug dvvxpswlrqv duh lpsrvhg xsrq wkh prgho1 Iluvw zh dvvxph wkdw .||n￿ 
:4 iru doo c zkhuh  lv d odujh qhjdwlyh qxpehu1 Wklv dvvxpswlrq vhuyhv wr uxoh rxw
dq xqerxqghg yroxph ri lqghewhgqhvv rq wkh sduw ri wkh frqvxphu1 Vhfrqg zh dvvxph
wkdw fuhglw pdunhwv duh shuihfw zklfk shuplwv frqvxpswlrq vprrwklqj1 Wklug zh dvvxph
txdgudwlf xwlolw| wr hqdeoh d forvhg0irup vroxwlrq1 Zh dovr dvvxph wkdw wkh h{shfwhg ydoxh
ri glvfrxqwhg ixwxuh oderxu lqfrph lv ohvv wkdq/ W/ wkh eolvv ohyho ri frqvxpswlrq/ wkdw
wkh frqvxphu irupv udwlrqdo h{shfwdwlrqv/ dqg wkdw o|c wkh uhdo udwh ri uhwxuq rq dvvhwv/
o| ' j ' o:fc lv {hg1
Jlyhq wkh deryh wkhruhwlfdo vwuxfwxuh/ lw lv hdv| wr vkrz wkdw 7 | lv d udqgrp zdon dqg
wkdw d forvhg0irup vroxwlrq h{lvwv jlyhq e|7=
{| ' ￿{|3￿  2{|32  f{u|3￿ n





zkhuh ￿ 'E n@n5/ 2 'E n@5/ f ' 5/ ￿ 'E @nB5/ 2 ' @B5/ 4￿ ' @nBn5/
7Vhh Dsshqgl{ D iru d ghulydwlrq ri +7,
942 ' @EB n 5  B5/ 4￿ ' @B5 dqg | uhsuhvhqwv d zklwh qrlvh huuru whup1 Sdvw ydoxhv ri
{u| fdswxuh wkh kdelw prglfdwlrq hhfw= wkh| prghudwh wkh hhfw ri odjjhg fkdqjhv lq
frqvxpswlrq1
Htxdwlrq +7, lv d jhqhudo prgho ri kdelw prglfdwlrq wkdw qhvwv wkh iroorzlqj k|srwkhvhv=
41 wkh udqgrp zdon prgho ri Kdoo +4<:;,/ zkhq  ' @ ' 5 ' B 'fdqg 8
| ' |>
51 wkh sxuh gxudeoh k|srwkhvlv ri Pdqnlz +4<;5,/ zkhq  ' @ ' 5 'fdqg B:f >
61 wkh vwdqgdug kdelw irupdwlrq prgho/ zkhq c@ : f/ 8
| ' | dqg 5 'f >d q g
71 Huplql*v +4<<:, prgho ri kdelwv zlwk gxudelolw|/ zkhq c@cB : f dqg 5 'f 
Zh dgdsw Vkhd*v +4<<8, surfhgxuh wr whvw zkhwkhu wkh frqvxpswlrq uhvsrqvh wr srvlwlyh
dqg qhjdwlyh fkdqjhv lq dqwlflsdwhg lqfrph lv dv|pphwulf1 Zh fdq h{suhvv rxu prgho dv
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:6 Wkh hylghqfh= XVD/ 4<8<04<<:
614 Wkh Gdwd
Txduwhuo| wlph0vhulhv gdwd iru wkh X1V1D1 iurp wkh Qdwlrqdo Lqfrph dqg Surgxfw Dffrxqwv
+QLSD, dqg wkh Iorz ri Ixqgv Dffrxqwv duh xvhg wr whvw wkh pdlqwdlqhg k|srwkhvlv1 Wkhvh
gdwd duh shu fdslwd dqg lq frqvwdqw0sulfhv +bb2 ' ff, ryhu wkh shulrg 4<8<=404<<:=71 Wkh
QLSD vhulhv duh vhdvrqdoo| dgmxvwhg uhylvhg hvwlpdwhv e| wkh Exuhdx ri Hfrqrplf Dqdo|0
vlv1 Vhdvrqdoo| dgmxvwhg  rz ri ixqgv hvwlpdwhv duh dovr dydlodeoh exw/ iru wrwdo oldelolwlhv/
wkh| frph dw dqqxdo udwhv1 Wkhuhiruh/ zh xvhg xqdgmxvwhg wrwdo oldelolwlhv jxuhv zklfk zh
dgmxvwhg e| wkh Fhqvxv f  '2 whfkqltxh1
Shuvrqdo frqvxpswlrq h{shqglwxuh rq qrq0gxudeohv dqg vhuylfhv lv rxu phdvxuh ri frq0
vxpswlrq/ |1 Lq wkh suhylrxv vhfwlrq/ zh uhihuuhg wr qhz oldelolwlhv dv wkh yduldeoh uhvsrqvleoh
iru kdelw prglfdwlrq1 Vlqfh/ krzhyhu/ lw lv qrw fohdu zklfk sduwlfxodu fkdudfwhulvwlf ri fuhglw
lpsdfwv prvw rq kdelwv/ zh qrz wdnh d eurdghu ylhz/ xvlqj irxu phdvxuhv dv sur{lhv iru u|=
wkh  rz ri wrwdo oldelolwlhv +8u|/ wkh  rz ri frqvxphu fuhglw +8 |/ rxwvwdqglqj krxvh0
krog ghew +u|, dqg rxwvwdqglqj frqvxphu fuhglw +|,1 Lq rughu wr whvw iru dv|pphwulhv/

















| /z k h u h8u
n
| ' 8u | zkhq 8u| : f dqg }hur rwkhuzlvh/
8u
3
| ' 8u | zkhq 8u |  f dqg }hur rwkhuzlvh/ dqg vr rq1
Dq lpsruwdqw dvvxpswlrq lq rxu g|qdplf prgho +8, lv wkdw {| dqg {u| duh vwdwlrqdu|1
Wkxv/ lw lv lpsruwdqw wr frqup wkdw wkh gdwd vhulhv lq ohyhov duh dw prvw lqwhjudwhg ri rughu
1 Wzr dowhuqdwlyh whvwlqj surfhgxuhv duh dgrswhg1 Wkh uvw lv wkh Dxjphqwhg Glfnh|0Ixoohu
;+DGI, +Glfnh| dqg Ixoohu 4<;4, whvw zklfk dvvxphv d xqlw urrw dv wkh qxoo k|srwkhvlv1 Wkh
vhfrqg whvw lv ghulyhg xvlqj vwdwlrqdulw| dv wkh qxoo +Nzldwrzvnl hw do1 4<<5,> khuhdiwhu NSVV1
Wdeoh 4 uhsruwv wkh uhvxowv1 Froxpqv 4 dqg 5 frqwdlq |0ydoxhv iru wkh DGI whvwv iru wkh
vhulhv lq ohyhov dqg lq uvw glhuhqfhv uhvshfwlyho|1 Dv h{shfwhg/ wkh uhvxowv lqglfdwh wkdw
wkh  rz ri wrwdo fuhglw/ 8u |/ dqg rxwvwdqglqj oldelolwlhv/ u|/d u hUE1D o v r / w k h f r q v x p h u
fuhglw  rz/ 8| dqg wkh dv|pphwulf frqvwuxfwv duh vwdwlrqdu|1 Wkh vxusulvhv duh wkdw
frqvxpswlrq/ |/ dqg rxwvwdqglqj frqvxphu fuhglw/ |/ vhhp wr eh vwdwlrqdu|1 Lq d jurzlqj
hfrqrp|/ rqh zrxog h{shfw erwk frqvxphu fuhglw dqg frqvxpswlrq wr eh UE surfhvvhv1 Wkh
UEf uhvxow pd| eh dvvrfldwhg zlwk wkh idfw wkdw wkh gdwd duh frqwdplqdwhg e| rxwolhuv zklfk
pdnhv DGI whvwv xquholdeoh +vhh qh{w vhfwlrq,1 Qrwh/ krzhyhu/ wkdw wkh NSVV whvw uhvxowv
frqup prvw ri wkh DGI uhvxowv/ h{fhsw wkdw erwk | dqg | duh qrz UE1Z h / w k x v /
frqfoxgh wkdw | u|/ 8u | dqg | duh doo UE zkloh 8 | dqg wkh dv|pphwulf vhulhv duh
UEf1
615 JPP Hvwlpdwlrq
Wklv vhfwlrq h{dplqhv wkh k|srwkhvlv wkdw qhz fuhglw ohdgv wr kdelw prglfdwlrq1 Wr ehjlq
zlwk/ zh whvw wkh dghtxdf| ri prgho +7,1 Qrwh wkdw :f lv wkh kdelw irupdwlrq sdudphwhu
zklfk fdswxuhv wkh sv|fkrorjlfdo hhfw ri wkh kdelw vwrfn rq fxuuhqw xwlolw|1 Wkh prgho
suhglfwv wkdw ￿ : f/ 2 	 f/ f 	 f/ ￿ : f dqg 2 	 f1
Wkhuh lv dq lpsruwdqw hfrqrphwulf lvvxh wr frqvlghu sulru wr hvwlpdwlrq ri wkh prgho1 Wklv
uhodwhv wr wkh xvh ri odjjhg ydoxhv ri wkh hqgrjhqrxv yduldeoh/ {u/ dv h{sodqdwru| yduldeohv
lq d uhjuhvvlrq kdylqj dq PD+6, frpsrqhqw lq wkh huuru whup1 Dv d uhvxow/ wkh uhjuhvvruv
<zloo srwhqwldoo| fruuhodwh zlwk wkh huuru whup dqg dssolfdwlrq ri ROV zloo surgxfh eldvhg
dqg lqfrqvlvwhqw hvwlpdwhv1 Wkh vroxwlrq wr wklv sureohp lqyroyhv wkh xvh ri lqvwuxphqwdo
yduldeohv1 Zh xvh wkh Jhqhudolvhg Phwkrg ri Prphqwv +JPP, surfhgxuh/ vlqfh lw fdq dovr
ghdo zlwk qrq0olqhdulwlhv1 Pruhryhu/ zkhq wkh qxpehu ri prphqw uhvwulfwlrqv/ R/l vj u h d w h u
wkdq wkh qxpehu ri sdudphwhuv wr eh hvwlpdwhg/ &/ wkh JPP hvwlpdwlrq surfhgxuh dovr
surylghv d vlpsoh whvw iru ryhulghqwli|lqj uhvwulfwlrqv1 Kdqvhq +4<;5, kdv ghprqvwudwhg wkdw
wkh plqlplvhg ydoxh ri wkh remhfwlyh ixqfwlrq wlphv ? lv dv|pswrwlfdoo| glvwulexwhg dv d
fkl0vtxduh zlwk +s0n, ghjuhhv ri iuhhgrp=
?a?Ee C￿￿ _  $ 
2ER  & +9,
zklfk fdq eh xvhg wr whvw iru wkh ydolglw| ri wkhvh uhvwulfwlrqv1 Li wkh ?a?Ee C￿￿ ydoxh
lv vljqlfdqw/ lw zrxog lqglfdwh wkdw dw ohdvw vrph ri wkh vdpsoh prphqw uhvwulfwlrqv duh
ylrodwhg +l1h1/ vrph lqvwuxphqwdo yduldeohv duh qrw ydolg, dqg wkdw wkh prgho lv qrw frqvlvwhqw
zlwk wkh gdwd1
Zh ehjlq rxu hpslulfdo dqdo|vlv e| h{dplqlqj wkh glvwulexwlrq ri wkh uvw glhuhqfh ri
frqvxpswlrq/ {1 Wklv lv hvwlpdwhg e| dq ROV uhjuhvvlrq xvlqj d frqvwdqw dqg odjjhg
ydoxhv1 Jlyhq wkh wkhruhwlfdo uhvxowv lq vhfwlrq +514,/ wkuhh odjv duh xvhg1 Qrupdolw| whvwv
lqglfdwh wkdw wkh vhulhv lv qrw qrupdoo| glvwulexwhg18 Xsrq h{dplqdwlrq/ wkh h{fhvv nxuwrvlv
sureohp lv gxh wr dq rxwolhu dvvrfldwhg zlwk wkh vhfrqg txduwhu ri 4<;3/ zklfk frlqflghv zlwk
wkh ghuhjxodwlrq ri ghsrvlwru| lqvwlwxwlrqv dqg wkh Prqhwdu| Frqwuro Dfw1 Zkhq d gxpp|
yduldeoh lv lqfoxghg lq wkh uhjuhvvlrq/ wkh uhvlgxdov ehfrph qrupdo> wkh Mdutxh0Ehud whvw
vwdwlvwlf ehfrphv fedfHeo +s0ydoxhv lq eudfnhwv,1 Krzhyhu/ zlwklq wkh frqwh{w ri DUPD[
8Dv d uhphg|/ h{wud dxwruhjuhvvlyh whupv zhuh dgghg exw wkh sureohp uhpdlqhg1
43hvwlpdwlrq/ wkh xvh ri d gxpp| lv vxvshqghg xqwlo JPP hvwlpdwlrq uhvxowv duh rewdlqhg1
Qh{w/ zh ghqh rxu lqirupdwlrq vhw1 Wkh lqvwuxphqwv fkrvhq duh dv iroorzv1
 odjv 2  D ri {1 Dowkrxjk wkhuh lv vrph txhvwlrq derxw wkh ydolglw| ri wkh vhfrqg
odj dv dq lqvwuxphqw/ lwv lqfoxvlrq lv edvhg rq wkh iroorzlqj uhdvrqv1 Iluvw/ {|3￿ lv d
vwdwlvwlfdoo| vljqlfdqw suhglfwru ri {| dqg wkxv vxevwdqwldo lqirupdwlrq lv orvw li zh
idlo wr xvh {|32 dv dq lqvwuxphqw iru {|3￿1 Vhfrqg/ zlwklq wkh iudphzrun ri DU0
PD[ hvwlpdwlrq/ lw lv srvvleoh wr xvh wkh vhfrqg odj dqg qrw ylrodwh wkh ruwkrjrqdolw|
frqglwlrq/ dv lw lv wkh lqvwuxphqw vhw/ ~c dv d zkroh wkdw kdv wr eh ruwkrjrqdo wr wkh
uhvlgxdov1 Odwhu lq wkh sdshu/ zh whvw wkh ydolglw| ri wklv dvvxpswlrq1
 odjv 2D ri wkh fkdqjh lq wkh lqgh{ ri frqvxphu vhqwlphqw/ wkh fkdqjh lq wkh vhdvrqdoo|
dgmxvwhg xqhpsor|phqw udwh/ wkh fkdqjh lq wkh Vwdqgdug dqg Srruv Dff vwrfn sulfh
lqgh{ dqg wkh fkdqjh lq wkh 0prqwk wuhdvxu| eloo udwh9c:/
 odjv    ri wkh fuhglw yduldeoh lq frqvlghudwlrq1
Wdeoh 5 uhsruwv wkh uhvxowv ri JPP hvwlpdwlrq zkhq wkh  rz fuhglw yduldeohv duh xvhg1;
Froxpqv 4 wr 5 ri wkh wdeoh surylgh JPP hvwlpdwhv ri htxdwlrq +7, zkhq wkh yduldeohv duh
9Wkhvh yduldeohv duh riwhq xvhg dv lqvwuxphqwv lq wkh frqvxpswlrq olwhudwxuh1 Vhh/ iru h{dpsoh/ Ihuvrq
dqg Frqvwdqwlqlghv +4<<4, dqg Fduuroo/ Ixkuhu dqg Zlofr{ +4<<7,1
:DGI dqg NSVV whvwv vxjjhvw wkdw wkh lqgh{ ri frqvxphu vhqwlphqw/ wkh xqhpsor|phqw udwh/ wkh Vwdqgdug
dqg Srruv 833 vwrfn sulfh lqgh{ dqg wkh 60prqwk wuhdvxu| eloo udwh duh doo orfdoo| L+4, surfhvvhv> khuh/ wkh
whup corfdoo|* lv xvhg wr frqyh| wkh lghd wkdw wkhvh yduldeohv fdq eh L+4, hyhq wkrxjk wkh| duh erxqghg1
;Wkh khwhurvnhgdvwlflw| dqg dxwrfruuhodwlrq frqvlvwhqw Qhzh|0Zhvw hvwlpdwru zdv xvhg wr rewdlq dq
rswlpdo hvwlpdwh iru Z1I r u w k h n h u q h o / w k h Glulfkohw odj zlqgrz zdv xvhg dqg wkh edqgzlwk zdv {hg
dw o @5 1 Wkh iruphu lv ghqhg dv +o .4 mn m,@+o .4 ,zkhuh n @ o>===>3>4>===o dqg o lv wkh odj ohqjwk1
Dffruglqj wr wkh Qhzh| dqg Zhvw +4<;:, vhohfwlrq fulwhuld/ d frqvlvwhqw hvwlpdwru ri wkh zhljkwlqj pdwul{
lv rewdlqhg li wkh zhljkw/ z+o,/ dssurdfkhv rqh dv o lv iuhh wr jurz zlwk wkh vdpsoh vl}h> lq sduwlfxodu/ wkh|
vxjjhvw wkdw o+q, pxvw jurz e| ohvv wkdq q4@81 Zlwk 483 revhuydwlrqv/ wklv zrxog vxjjhvw wkdw o @7zrxog eh
dssursuldwh1 Krzhyhu/ wkh JPP uhvxowv duh urexvw wr wklv dqg duh dydlodeoh iurp wkh dxwkruv xsrq uhtxhvw1
44lq ohyhov dqg d frqvwdqw lv lqfoxghg1 Dv d phdvxuh ri {u|/ zh xvh wkh fkdqjh lq wkh  rz ri
wrwdo oldelolwlhv/ {8u |/ lq uhjuhvvlrq 4 dqg wkh fkdqjh lq wkh  rz ri frqvxphu fuhglw/ {8 |
lq uhjuhvvlrq 51 Uhjuhvvlrqv 6 wr 7 duh edvhg rq htxdwlrq +8,/ zklfk dgplwv dv|pphwulhv lq
kdelw prglfdwlrq/ xvlqj {8u | dqg {8 |c uhvshfwlyho|1
Sulru wr JPP hvwlpdwlrq/ krzhyhu/ zh duh lqwhuhvwhg wr nqrz zkhwkhu wkh dsshdudqfh
ri {|32 dqg
S￿
￿’￿ {u|3￿ lq ~/ ylrodwhv wkh ruwkrjrqdolw| frqglwlrqv dqg lpslqjhv rq wkh
frqvlvwhqf| ri e 1 Wr dgguhvv wklv frqfhuq/ zh dsso| Kdxvpdq*v +4<:;, M vshflfdwlrq whvw
+hvwlpdwhv ri M dsshdu dw wkh orzhu sduw ri wdeoh 5,1 Doo Kdxvpdq whvwv lqglfdwh wkdw wkh
ruwkrjrqdolw| frqglwlrqv duh xqdhfwhg e| wkh suhvhqfh ri {|32 dqg
S￿
￿’￿ {u|3￿ lq +8,1
Wklv doorzv xv wr wuhdw wkh fuhglw yduldeohv dv h{rjhqrxv1
Wkh qglqjv iurp wkh JPP hvwlpdwlrq fdq eh vxppdulvhg dv iroorzv1 Iluvwo|/ wkh
frh!flhqwv ri erwk {|3￿ dqg {|32 kdyh wkh fruuhfw vljq lq doo uhjuhvvlrqv exw rqo| wkh
uvw lv vljqlfdqw +l1h1/ frqvxphu lqhuwld,1 Vhfrqgo|/ rqo| iru {8|3￿ lv wkh frh!flhqw
vljqlfdqwo| ohvv wkdq }hur dv h{shfwhg1 Wklugo|/ uhjuhvvlrq 7 surylghv vrph vxssruw iru wkh
k|srwkhvlv ri dv|pphwulf kdelw prglfdwlrq> wkh frh!flhqwv ri wkh uvw wzr odjv ri {8 |
duh erwk vljqlfdqw dqg ri wkh uljkw vljq zkhq qhz frqvxphu fuhglw lv srvlwlyh1 Qrwh dovr
wkdw doo uhjuhvvlrqv sdvv wkh Kdxvpdq dqg Kdqvhq whvwv lqglfdwlqj wkdw wkh ruwkrjrqdolw|
frqglwlrqv krog dqg wkh ryhulghqwli|lqj uhvwulfwlrqv duh ydolg1
Krzhyhu/ wkh uhvxowv gr qrw frpsohwho| frqirup wr wkh suhglfwlrqv ri wkh prgho lq vhyhudo
uhvshfwv1 Iluvw/ {|32 lv qhyhu d vljqlfdqw suhglfwru ri frqvxpswlrq pryhphqwv1 Vhfrqg/
wkh frh!flhqwv ri {8|32 duh qrw vljqlfdqw zkloh wkdw ri {8|3￿ lv srvlwlyh1 Wklug/
wkh uvw dqg wklug odjjhg ydoxhv ri {8
3
| duh dovr vljqlfdqw zklfk vxjjhvw zhdn hylghqfh
45ri dv|pphwulf kdelw prglfdwlrq1
Qh{w/ zh surfhhg zlwk JPP hvwlpdwlrq xvlqj wkh rxwvwdqglqj ghew vhulhv1 Wdeoh 6
suhvhqwv hylghqfh wkdw lv pruh vxssruwlyh ri wkh kdelw prglfdwlrq k|srwkhvlv1 Uhjuhvvlrq
7/ lq sduwlfxodu/ vxjjhvwv wkdw rxwvwdqglqj frqvxphu fuhglw/ lq ohyhov/ lv frqvlvwhqw zlwk












duh qrw vljqlfdqw/ dqg 8
3
|3￿ dsshduv zlwk wkh zurqj vljq1
Zh qrz h{dplqh zkhwkhu wkh deryh vxssruwlyh hylghqfh krogv iru sduwlfxodu vdpsoh
shulrgv1 Zh vhohfw wkh plg04<:3v wr vsolw wkh vdpsoh lqwr wzr dqg whvw wkh pdlqwdlqhg
k|srwkhvlv djdlq1 Rxu sduwlwlrq ri wkh gdwd lv edvhg rq wkh iroorzlqj frqvlghudwlrqv1 Iluvw/
wkhuh kdv ehhq d vxevwdqwldo lqfuhdvh lq wkh ohyho ri krxvhkrog lqghewhgqhvv vlqfh wkdw shulrg1
Vhfrqg/ vlqfh wkh plg04<:3v wkhuh kdyh ehhq uhodwlyho| kljk ohyhov ri xqhpsor|phqw zklfk
lpso| dq lqfuhdvhg ohyho ri lqfrph xqfhuwdlqw|1
Wkh uvw vxe0vdpsoh lv ehwzhhq 4<8<=4 dqg 4<:7=7/ wkh vhfrqg ehwzhhq 4<:8=4 dqg 4<<:=71
Wr frqvhuyh vsdfh/ zh rqo| uhsruw wkh uhvxowv dvvrfldwhg zlwk wkh odwwhu vdpsoh +vhh wdeoh
7,/ qrwlqj lq sdvvlqj wkdw wkh hylghqfh iurp wkh uvw vxe0vdpsoh lv qrw frqvlvwhqw zlwk
wkh suhglfwlrqv ri wkh prgho1< Zkhq wkh pruh uhfhqw gdwd duh xvhg/ wkh vwurqj vxssruwlyh
hylghqfh irxqg iru wkh ixoo vdpsoh lv uhsurgxfhg1 Wdeoh 7/ krzhyhu/ lv pruh lqirupdwlyh
wkdq wkh ixoo vdpsoh uhvxowv lq wzr uhvshfwv1 Lw lqglfdwhv wkdw dv|pphwulf kdelw prglfdwlrq
yld frqvxphu fuhglw lv pdlqo| dvvrfldwhg zlwk gdwd lq ohyhov/ iru wkh frh!flhqw ri {|32
lv qrw qhjdwlyh lq uhjuhvvlrq 41 Pruhryhu/ lw surylghv vrph hylghqfh ri shupdqhqw kdelw
prglfdwlrq1 Wklv fdq eh lqihuuhg e| wkh idfw wkdw wkh frh!flhqw ri {|3￿ kdv ehfrph pxfk
<Uhvxowv iurp wkh uvw vxe0vdpsoh duh dydlodeoh rq uhtxhvw iurp wkh dxwkruv1
46vpdoohu lq pdjqlwxgh lq wkh prvw uhfhqw shulrg> lw uhgxfhv iurp fSD lq uhjuhvvlrq +7,/ wdeoh
6/ wr f lq uhjuhvvlrq 5/ wdeoh 71 Wklv frqvwlwxwhv derxw DfI uhgxfwlrq lq wkh ghjuhh ri
kdelw irupdwlrq1
Wkhvh uhvxowv/ krzhyhu/ vkrxog eh lqwhusuhwhg zlwk fdxwlrq vlqfh doo wkh deryh JPP
hvwlpdwhv duh vxemhfw wr dq dqrpdo|1 Wklv uhodwhv wr wkh glvwulexwlrq ri wkh uhvlgxdov1 Whvwv
ri vnhzqhvv dqg nxuwrvlv uhyhdo wkdw wkhvh uhvlgxdov duh qrw qrupdoo| glvwulexwhg1 Wkh odwwhu
w h v wv w d w l v w l fl vu h s r u w h gd ww k hh q gr ih d f kw d e o hd q gl vv l j q l  f d q wl qd o ou h j u h v v l r q v 1 Z h
qrwhg wklv sureohp hduolhu dqg dooxghg wr dq rxwolhu sureohp1 Wkh fxosulw dsshduv wr eh wkh
qdqfldo uhirupv lq wkh vhfrqg txduwhu ri 4<;31 Dv d uhphg| iru wklv/ zh uhshdwhg wkh JPP
surfhgxuh iru hdfk ri wkh uhjuhvvlrqv glvfxvvhg deryh e| xvlqj d gxpp|/ (/z k l f kw d n h v
wkh ydoxh ri rqh lq 4<;3=5 dqg }hur lq rwkhu shulrgv1 Krzhyhu/ wkh sureohp ri qrq0qrupdo
uhvlgxdov shuvlvwhg lq prvw ri wkh uhjuhvvlrqv dqg wklv lv suredeo| gxh wr dq dgglwlrqdo rxwolhu
lq bHf G 1 Dv d uhvxow/ zh frqvwuxfwhg dq dowhuqdwlyh gxpp| yduldeoh/ (2 zklfk wdnhv wkh
ydoxh ri  lq bHf G 2/  lq bHf G  d q g} h u rr w k h u z l v h 1Z l w kw k hl q f o x v l r qr iw k l vg x p p | /
wkh qrq0qrupdolw| sureohp glvdsshduv1 Wkh uhvxowv wkhpvhoyhv gr qrw dsshdu wr eh dhfwhg
e| wkh dgglwlrq ri wkh gxpplhv143
Ryhudoo/ JPP hvwlpdwlrq kdv surylghg vwurqj hylghqfh lq idyrxu ri wkh kdelw prglfdwlrq
k|srwkhvlv1 Wkh uhvxowv dovr lqglfdwh wkdw qhz frqvxphu fuhglw lv pruh lpsruwdqw wkdq qhz
oldelolwlhv lq prgli|lqj frqvxphu kdelwv1 Zh dovr qg wkdw dv|pphwulf kdelw prglfdwlrq lv
frqvlvwhqw zlwk wkh gdwd/ zkhq frqvxphu fuhglw rxwvwdqglqj lv xvhg dv d fuhglw phdvxuh144
Wklv ehkdylrxudo glhuhqfh ehwzhhq frqvxphu fuhglw dqg pruwjdjh fuhglw frxog eh dwwulexwhg
wr wkh idfw wkdw frqvxphu fuhglw lv vkruw0whup qdqfh dqg lv pruh uhjxoduo| xvhg e| wkh w|slfdo
43Wkhvh uhvxowv duh dydlodeoh xsrq uhtxhvw1
44Wkh uhvxowv duh txlwh hqfrxudjlqj lq ylhz ri wkh uhvwulfwlyh dvvxpswlrqv lpsrvhg rq wkh prgho> h1j1/
txdgudwlf suhihuhqfhv/ wkh frqvwdqf| ri uhdo lqwhuhvw udwhv hwf1
47frqvxphu1 Wklv dfwv dv d iuhtxhqw vwlpxoxv iru pruh orqj0whup sodqqlqj1 Pruhryhu/ fuhglw
frqvwudlqwv duh ohvv elqglqj iru frqvxphu fuhglw/ dqg frqvxphu fuhglw lv pruh gluhfwo| uhodwhg
wr wkh  rz ri vhuylfhv iurp frqvxpswlrq h{shqglwxuh1
Wkh hylghqfh suhvhqwhg khuh lv dovr frqvlvwhqw zlwk wkh ylhz wkdw wkh dydlodelolw| ri
frqvxphu fuhglw kdv kdg d orqj0odvwlqj hhfw rq frqvxphu ehkdylrxu1 Dv suhglfwhg e| rxu
prgho/ qdqfldo olehudolvdwlrq kdv qrw holplqdwhg kdelwv dowrjhwkhu1 Krzhyhu frqvxphu fuhglw
kdv uhgxfhg frqvxphu ghshqghqfh rq sdvw frqvxpswlrq ohyhov dqg kdv dvvlvwhg frqvxphuv
lq ehfrplqj pruh iruzdug0orrnlqj1
Ilqdoo|/ zh qrwh wzr uhdvrqv zk| wkh hylghqfh lv vxssruwlyh ri wkh kdelw prglfdwlrq
k|srwkhvlv yld fuhglw1 Iluvw/ wkhuh lv d odjjhg fuhglw hhfw rq frqvxpswlrq1 Wklv fdqqrw eh
h{sodlqhg e| wkh dowhuqdwlyh k|srwkhvlv ri oltxlglw| frqvwudlqwv vlqfh wkh odwwhu rqo| suhglfwv
d frqwhpsrudqhrxv hhfw ri fuhglw rq frqvxpswlrq1 Vhfrqg/ wkhuh lv dq dv|pphwulf uhod0
wlrqvkls ehwzhhq qhz fuhglw dqg fkdqjhv lq frqvxpswlrq h{shqglwxuh zklfk/ djdlq/ fdqqrw
eh h{sodlqhg e| wkh oltxlglw| frqvwudlqwv k|srwkhvlv1
7 Kdelw prglfdwlrq dqg wkh h{lvwlqj hylghqfh
Krz gr wkh suhglfwlrqv ri wkh udwlrqdo kdelw prglfdwlrq prgho uhodwh wr wkh suhylrxv hpslul0
fdo olwhudwxuhB Iluvw/ wkh hylghqfh ri ch{fhvv vhqvlwlylw|* vhhpv zhdnhu lq wkh srvw0ghuhjxodwlrq
hud1 Wklv fdq eh lqwhusuhwhg dv hylghqfh lq vxssruw ri Kdoo*v +4<:;, k|srwkhvlv1 Wkh hylghqfh
lv dovr frqvlvwhqw zlwk kdelw prglfdwlrq yld fuhglw= wkh uhod{dwlrq ri oltxlglw| frqvwudlqwv
kdv hqdeohg frqvxphuv wr prghudwh wkhlu kdelwv1 Lq grlqj vr/ frqvxphu ehkdylrxu kdv ds0
48sur{lpdwhg wkdw suhglfwhg e| wkh OF0SLK1 Dovr/ e| rvhwwlqj kdelw shuvlvwhqfh/ qhz ghew
kdv revfxuhg wkh olqn ehwzhhq frqvxpswlrq fkdqjhv dqg dqwlflsdwhg lqfrph fkdqjhv dqg
kdv surylghg hpslulfdo vxssruw iru wkh udqgrp zdon k|srwkhvlv1 Wkhuhiruh/ lw lv srvvleoh
wr hpslulfdoo| uhmhfw wkh ch{fhvv vhqvlwlylw|* k|srwkhvlv zkhq wkh xqghuo|lqj prgho lv rqh ri
kdelw prglfdwlrq1
Li wkh ch{fhvv vhqvlwlylw|* hhfw kdv lq idfw ehhq dv|pphwulf +Vkhd 4<<8, wkh uhvsrqvh
wr lqfrph ghfolqhv lv vwurqjhu wkdq wkdw dvvrfldwhg zlwk lqfrph lqfuhdvhv1 Wklv dv|pphwu|
lv lqfrqvlvwhqw zlwk oltxlglw| frqvwudlqwv/ Nh|qhvldq ehkdylrxu dqg h{lvwlqj kdelw irupdwlrq
prghov1 Rxu prgho surylghv dq dowhuqdwlyh wr Vkhd*v +4<<8, xvh ri orvv dyhuvlrq wr udwlrqdolvh
wkh dv|pphwu|1 Uhfdoo wkdw lq htxdwlrq +7, kdelwv duh prglhg rqo| zkhq frqvxphu ghew
ulvhv1 Lq wklv fdvh wkh olqn ehwzhhq {| dqg h{shfwhg lqfrph fkdqjhv/ {t e
| /z l o oe hz h d n
dqg frqvxpswlrq zloo whqg wr ehkdyh dv li d udqgrp zdon145 Rq wkh rwkhu kdqg/ zkhq
{u|3￿ '{ u|32 '{ u|3￿ 'f / rxu prgho uhgxfhv wr d vwdqgdug kdelw irupdwlrq prgho
zkhuh {|3￿ zloo eh pruh olnho| wr fruuhodwh zlwk {t e
| 1 Wkhuhiruh/ li lw fdq eh hvwdeolvkhg
wkdw {u|3￿ dqg {t e
| fruuhodwh srvlwlyho|/ wkhq wkh revhuydeoh olqn ehwzhhq h{shfwhg lqfrph
fkdqjhv dqg odjv ri {| zloo pdlqo| eh dvvrfldwhg zlwk u|3￿  f1 Wklv srvlwlyh fruuhodwlrq
fdq eh hvwdeolvkhg lq wzr vwhsv1 Iluvw/ revhuyh wkdw {| uhvsrqgv srvlwlyho| wr {|3￿ dqg wr
lqqrydwlrqv lq shupdqhqw lqfrph1 Xszdug dgmxvwphqwv lpso| vprrwklqj zklfk lv idflolwdwhg
e| fuhglw ru e| uxqqlqj grzq dvvhwv1 Wklv vxjjhvwv d srvlwlyh exw zhdn dvvrfldwlrq ehwzhhq
{u| dqg {|1 Vhfrqg/ uhfdoo wkdw d srvlwlyh fruuhodwlrq ehwzhhq {|3￿ dqg suhglfwdeoh
lqfrph lv wr eh h{shfwhg gxh wr shuvlvwhqfh1 Khqfh/ wkhuh h{lvwv d zhdn/ srvlwlyh fruuhodwlrq
ehwzhhq {u|3￿ dqg {t e
| dqg wkh dv|pphwu| fdq eh dwwulexwhg wr kdelw prglfdwlrq yld
fuhglw1
45Vwulfwo| vshdnlqj/ krzhyhu/ wkh PD+6, frpsrqhqw vkrxog vwloo eh suhvhqw1
49Wkh qglqj wkdw wkh ch{fhvv vhqvlwlylw|* hhfw lv wlph0ydu|lqj +Edffkhwwd dqg Jhuodfk
4<<: lqwhu dold, kdv ehhq dwwulexwhg wr wlph0ydu|lqj fuhglw frqvwudlqwv1 Krzhyhu/ lw lv dovr
frqvlvwhqw zlwk wkh kdelw prglfdwlrq k|srwkhvlv1 Wklv lv ehfdxvh frqvxphuv* h{shulhqfh
zlwk ghew dqg/ wkxv/ zlwk kdelw prglfdwlrq/ zloo whqg wr ydu| wkurxjkrxw wkh exvlqhvv
f|foh1 Lq uhfhvvlrqv +errpv,/ frqvxphuv whqg wr uhylvh wkhlu h{shfwdwlrqv ri ixwxuh lqfrph
+xszdugv, grzqzdugv dqg uho| +pruh, ohvv rq fuhglw1 Khqfh/ wkh uhsuhvhqwdwlyh frqvxphu
zloo h{klelw uhodwlyho| pruh lqhuwld dqg kljkhu vhqvlwlylw| wr h{shfwhg lqfrph lq wurxjkv dqg
lq uhfryhu|1
Krz gr rxu uhvxowv uhodwh wr uhfhqw qglqjv dwwulexwlqj wkh uhylydo ri wkh OF0SLK wr wkh
hdvlqj ri oltxlglw| frqvwudlqwvB Iluvw qrwh wkdw lw lv xqolnho| wkdw wkh fkdqjh lq fuhglw lv d jrrg
sur{| iru oltxlglw| frqvwudlqwv1 Wklv ehfrphv hvshfldoo| uhohydqw lq d ghuhjxodwhg qdqfldo
hqylurqphqw zkhuh ghpdqg dqg vxsso| ghshqg rq wkh sulfh ri fuhglw146 Vhfrqg/ hyhq li
zh dffhsw wkh ylhz wkdw fuhglw lv d jrrg sur{| iru wlph0ydu|lqj oltxlglw| frqvwudlqwv/ wkh
oltxlglw| frqvwudlqwv k|srwkhvlv suhglfwv rqo| d frqwhpsrudqhrxv fuhglw hhfw rq fkdqjhv lq
frqvxpswlrq/ dv vkrzq e| Edffkhwwd dqg Jhuodfk +4<<:,1 Wklv lqvwdqwdqhrxv hhfw kdv dovr
ehhq hvwdeolvkhg e| Kd|dvkl +4<;:, zkr vkrzhg wkdw oltxlglw|0frqvwudlqhg frqvxphuv lqfuhdvh
wkhlu fxuuhqw vshqglqj dw wkh wlph frqvwudlqwv duh oliwhg147 Wklug/ wkh oltxlglw| frqvwudlqwv
hhfw ri fuhglw lv vroho| frqqhg wr wkh vkruw0uxq zkloh wkh kdelw prglfdwlrq k|srwkhvlv
dovr kdv lpsolfdwlrqv iru orqj0uxq frqvxpswlrq1 Irxuwk/ lq wkh kdelw prglfdwlrq k|srwkhvlv
lw lv wkh frqwudfwxdo qdwxuh ri fuhglw wkdw lv lpsruwdqw dqg qrw oltxlglw|1 Wkxv/ rqh zrxog
46Suhylrxv vwxglhv kdyh xvhg d ydulhw| ri yduldeohv dv lqgluhfw hvwlpdwhv ri oltxlglw| frqvwudlqwv1 Wkhvh
lqfoxgh lqfrph jurzwk ru wkh xqhpsor|phqw udwh +Iodylq 4<;8,/ wkh eruurzlqj2ohqglqj zhgjh +Nlqj 4<;9
dqg Gh Eurxzhu 4<<9,/ wkh ghew wr frqvxpswlrq udwlr ru wkh grzq0sd|phqw udwlr lq krxvlqj pruwjdjhv
+Mdsshool dqg Sdjdqr 4<;<,/ dqg wkh ydoxh ri gxudeohv +Fkdk hw do1 4<<8,
47Lq sudfwlfh/ d odjjhg fuhglw hhfw lv srvvleoh vlqfh qhz fuhglw lwvhoi h{klelwv shuvlvwhqfh1 Krzhyhu/ xqghu
oltxlglw| frqvwudlqwv/ wkh vljq ri wkh QOw￿4 frh!flhqw vkrxog eh wkh rssrvlwh ri zkdw zh zrxog h{shfw
lq wkh kdelw prglfdwlrq prgho vlqfh frqvwudlqhg frqvxphuv vkrxog lqfuhdvh frqvxpswlrq dv pruh fuhglw
ehfrphv dydlodeoh1
4:h{shfw krxvhkrog fuhglw dv zhoo dv frqvxphu fuhglw wr uhodwh wr frqvxpswlrq h{shqglwxuh1
Wkh oltxlglw| frqvwudlqwv k|srwkhvlv/ rq wkh rwkhu kdqg/ kdv hpskdvlvhg frqvxphu fuhglw
+Oxgyljvrq 4<<< dqg Edffkhwwd dqg Jhuodfk 4<<:,148 Ilqdoo|/ wkh suhglfwlrq ri d kdelw
prglfdwlrq yld fuhglw vxjjhvwv wkdw fuhglw zloo frqwlqxh wr eh lpsruwdqw hyhq xqghu d
uhjlph ri shuihfw fdslwdo pdunhwv1
8F r q f o x v l r q
Wkh hpslulfdo frqvxpswlrq olwhudwxuh lq wkh 4<<3v kdv revhuyhg dq lpsruwdqw vkliw lq frq0
vxphu ehkdylrxu vlqfh wkh ghuhjxodwlrq ri qdqfldo pdunhwv1 Lq wkh devhqfh ri dq dowhuqdwlyh
k|srwkhvlv/ wkh olwhudwxuh kdv dwwulexwhg wklv skhqrphqrq wr d vxsso| hhfw ri fuhglw dydlo0
delolw|1 Krzhyhu prghov ri cvhoi0frqwuro* dovr dvvljq d uroh wr fuhglw1 Pruhryhu/ krxvhkrog
fuhglw lv d ghylfh wrzdugv wkh uhvwudlqw ri dq luudwlrqdo ru p|rslf vhoi dqg2ru d ghihqvh
phfkdqlvp djdlqvw ck|shuerolf glvfrxqwlqj*/ dv lq Dlqvolh +4<<5,1
Lq wklv sdshu zh kdyh dujxhg wkdw fuhglw fdq dovr sod| d uroh zlwklq wkh kdelw irupdwlrq
iudphzrun1 Fuhglw prwlydwhv frqvxphuv wr ehfrph ghwdfkhg iurp sdvw frqvxpswlrq e|
ghsohwlqj wkh kdelw vwrfn1 Wklv irup ri frqvxpswlrq h{whuqdolw| ohdgv wr d prgho zkhuh sdvw
frpplwphqwv wr fuhglw prghudwh ghshqghqfh rq sdvw ohyhov ri frqvxpswlrq1
Lq wklv sdshu/ zh whvw iru wkh ydolglw| ri wkh kdelw prglfdwlrq k|srwkhvlv lq wkh vkruw0uxq
xvlqj XV gdwd iru wkh shulrg 4<8<=404<<:=71 Wkh ryhudoo hylghqfh surylghv vwurqj vxssruw
iru wkh pdlqwdlqhg k|srwkhvlv ri kdelw prglfdwlrq1 Ixuwkhu/ wkh hylghqfh lv frqvlvwhqw zlwk
48Vwloo/ Zlumdqwr +4<<8, kdv dgydqfhg wkh lghd wkdw wrwdo krxvhkrog ghew fdq fdswxuh wlph0ydu|lqj oltxlglw|
frqvwudlqwv li lw srvlwlyho| fruuhodwhv zlwk wkh eruurzlqj udwh1
4;wkh ylhz wkdw frqvxphu ghew ohdgv wr dv|pphwulf kdelw prglfdwlrq zkhuh rqo| d srvlwlyh
fkdqjh lq frqvxphu ghew lpsdfwv rq kdelwxdo ehkdylrxu1 Ilqdoo|/ wkh sdshu vkrzv wkdw
frqvxphu sduwlflsdwlrq lq fuhglw pdunhwv kdv shupdqhqwo| udlvhg frqvxpswlrq vlqfh 4<:81
4<Uhihuhqfhv
^4` Dlqvolh/ J1 +4<<5,1 Slfrhfrqrplfv= Vwxglhv lq Udwlrqdolw| dqg Vrfldo Fkdqjh1
Fdpeulgjh= Fdpeulgjh Xqlyhuvlw| Suhvv1
^5` Edffkhwwd/ S1 dqg Jhuodfk/ V1 +4<<:, Frqvxpswlrq dqg Fuhglw Frqvwudlqwv= Lqwhuqd0
wlrqdo Hylghqfh/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 73 +5, 53:06;1
^6` Fduuroo/ F1G1/ Ixkuhu/ M1F1 dqg Zlofr{/ G1Z1 +4<<7,1 Grhv Frqvxphu Vhqwlphqw Iruh0
fdvw Krxvhkrog VshqglqjB Li Vr/ Zk|B Dphulfdq Hfrqrplf Uhylhz/ ;7 +8,/
+Ghfhpehu,/ 46<:0473;1
^7` Fkdk/ H1\1/ Udpvh|/ Y1D1/ dqg Vwduu/ U1P1 +4<<8, Oltxlglw| Frqvwudlqwv/ dqg Lqwhuwhp0
srudo Frqvxphu Rswlpl}dwlrq= Wkhru| dqg Hylghqfh iurp Gxudeoh Jrrgv1 Mrxuqdo ri
Prqh| Fuhglw dqg Edqnlqj 5: +4, 5:505;:1
^8` Ghdwrq/ D1 +4<<5,1 Xqghuvwdqglqj Frqvxpswlrq1 R{irug= Foduhqgrq Suhvv
^9` Gh Eurxzhu/ J1+4<<9,1 Frqvxpswlrq dqg Oltxlglw| Frqvwudlqwv lq Dxvwudold dqg Hdvw
Dvld= Grhv Ilqdqfldo Lqwhjudwlrq PdwwhuB Uhvhdufk Glvfxvvlrq Sdshu Qr1 <9351 Fdq0
ehuud= Uhvhuyh Edqn ri Dxvwudold1
^:` Glfnh|/ G1 dqg Ixoohu/ Z1 +4<;4, Olnholkrrg Udwlr Vwdwlvwlfv iru Dxwruhjuhvvlyh Wlph
Vhulhv zlwk d Xqlw Urrw1/ Hfrqrphwulfd/ 7</ 438:043:51
^;` Gxhvhqehuu|/ M1V1+4<7<,1 Lqfrph/ Vdylqj dqg wkh Wkhru| ri Frqvxphu Eh0
kdylrxu1 Fdpeulgjh/ Pdvv= Kduydug Xqlyhuvlw| Suhvv1
^<` Huplql/ O1 +4<<:,1 D Glvfuhwh0Wlph Frqvxpswlrq Prgho Xqghu Gxudelolw| ri Jrrgv/
Kdelw Irupdwlrq dqg Whpsrudo Djjuhjdwlrq1 Xqlyhuvlw| ri Kdzdll dqg Rvdnd Vfkrro ri
Lqwhuqdwlrqdo Sxeolf Srolf|/ pdqxvfulsw +Mdqxdu|,1
^43` Ihuvrq/ Z1H1 dqg Frqvwdqwlqlghv/ J1P1 +4<<4,1 Kdelw Shuvlvwhqfh dqg Gxudelolw| lq
Djjuhjdwh Frqvxpswlrq= Hpslulfdo Whvwv1 Mrxuqdo ri Ilqdqfldo Hfrqrplfv/ 5< +5,/
+Rfwrehu,/ 4<<05731
^44` Iodylq/ P1/ +4<;8, H{fhvv Vhqvlwlylw| ri Frqvxpswlrq wr Fxuuhqw Lqfrph= Oltxlglw|
Frqvwudlqwv ru P|rsldB Fdqdgldq Mrxuqdo ri Hfrqrplfv/ 4; +4, 44:04691
^45` Kdoo/ U1H1 +4<:;,1 Vwrfkdvwlf Lpsolfdwlrqv ri wkh Olih F|foh0Shupdqhqw Lqfrph K|srwk0
hvlv= Wkhru| dqg Hylghqfh1 Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;9 +9,/ +Ghfhpehu,/
<:40;:1
^46` Kdqvhq/ K1 +4<;5,1 Odujh Vdpsoh Surshuwlhv ri Jhqhudol}hg Phwkrg ri Prphqwv Hvwl0
pdwruv1 Hfrqrphwulfd/ 83+7,/ +Mxo|,/ 435<0871
^47` Kdxvpdq/ M1/ +4<:;,1 Vshflfdwlrq Whvwv lq Hfrqrphwulfv1 Hfrqrphwulfd/ 7</ 45840
45:5
^48` Kd|dvkl/ I1/ +4<<:,1 Xqghuvwdqglqj Vdylqj= Hylghqfh iurp wkh Xqlwhg Vwdwhv
dqg Mdsdq1 Fdpeulgjh/ PLW Suhvv1
53^49` Krfk/ V1M1 dqg Orhzhqvwhlq/ J1I1 +4<<4,1 Wlph0 Lqfrqvlvwhqw Suhihuhqfhv dqg Frqvxphu
Vhoi0Frqwuro1 Mrxuqdo ri Frqvxphu Uhvhdufk/ 4: +7,/ +Pdufk,/ 7<5083:1
^4:` Mdsshool/ W1/ dqg Sdjdqr/ P1 +4<<7, Vdylqj/ Jurzwk dqg Oltxlglw| Frqvwudlqwv/ Txdu0
whuo| Mrxuqdo ri Hfrqrplfv/ 43< +4, ;6043<1
^4;` Mdsshool/ W1/ dqg Sdjdqr/ P1 +4<;<, Frqvxpswlrq dqg Fdslwdo Pdunhw Lpshuihfwlrqv=
Dq Lqwhuqdwlrqdo Frpsdulvrq/ Dphulfdq Hfrqrplf Uhylhz/ :<+8,/ 43;;044381
^4<` Nlqj/ P1 +4<;9, Fdslwdo Pdunhw cLpshuihfwlrqv* dqg wkh Frqvxpswlrq Ixqfwlrq1 Vfdq0
glqdyldq Mrxuqdo ri Hfrqrplfv/ ;; +4, 8<0;31
^53` Nzldwnrzvnl/ G1/ Skloolsv/ S1F1E1/ Vfkplgw/ S1/ dqg Vklq/ \1 +4<<5, Whvwlqj wkh qxoo
k|srwkhvlv ri vwdwlrqdulw| djdlqvw wkh dowhuqdwlyh ri d xqlw urrw= Krz vxuh duh zh wkdw
hfrqrplf wlph vhulhv kdyh d xqlw urrwB/ Mrxuqdo ri Hfrqrphwulfv/ 87/ 48<04:;1
^54` Odlevrq/ G1L1 +4<<;,1 Olih0F|foh Frqvxpswlrq dqg K|shuerolf Glvfrxqw Ixqfwlrqv1 Hx0
urshdq Hfrqrplf Uhylhz/ 75/ ;940:41
^55` Odlevrq/ G1L1/ Uhshwwr/ D1/ dqg Wredfpdq/ M1 +4<;;, Vhoi0frqwuro dqg Vdylqj iru
Uhwluhphqw1 Eurrnlqjv Sdshuv rq Hfrqrplf Dfwlylw|/ 4/ <404:51
^56` Orhzhqvwhlq/ J1 dqg Suhohf/ G1 +4<<5, Dqrpdolhv lq Lqwhuwhpsrudo Fkrlfh= Hylghqfh
dqg dq Lqwhusuhwdwlrq1 Lq J1 Orhzhqvwhlq dqg M1 Hovwhu +hgv,/ Fkrlfh Ryhu Wlph1 Q\=
Uxvvhoo Vdjh Irxqgdwlrq1
^57` Oxgyljvrq/ V1 +4<<<, Frqvxpswlrq dqg Fuhglw= D Prgho ri Wlph0Ydu|lqj Oltxlglw|
Frqvwudlqwv1 Wkh Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ ;4+6,/ 76707:1
^58` Pdqnlz/ Q1J1 +4<;5,1 Kdoo*v Frqvxpswlrq K|srwkhvlv dqg Gxudeoh Jrrgv1 Mrxuqdo ri
Prqhwdu| Hfrqrplfv/ 43 +6, 74:07581
^59` Phvvlqlv/ J1 +4<<<d,1 Kdelw Irupdwlrq dqg wkh Wkhru| ri Dgglfwlrq1 Mrxuqdo ri Hfr0
qrplf Vxuyh|v/i r u w k f r p l q j 1
^5:` Qhzh|/ Z1N1 dqg Zhvw/ N1G1 +4<;:, D Vlpsoh Srvlwlyh Vhpl0Ghqlwh/ Khwhurvfhgdvwlflw|
dqg Dxwrfruuhodwlrq Frqvlvwhqw Fryduldqfh Pdwul{1 Hfrqrphwulfd 88+6, :360:3;1
^5;` Rohndoqv/ Q1 +4<<:,1 Kdv Ilqdqfldo Ghuhjxodwlrq Uhylyhg wkh Shupdqhqw Lqfrph2Olih
F|foh K|srwkhvlvB Dxvwudoldq Hfrqrplf Uhylhz/ 63+5,/ +Mxqh,/ 4880991
^5<` Vkhd/ M1 +4<<8, P|rsld/ Oltxlglw| Frqvwudlqwv dqg Djjuhjdwh Frqvxpswlrq= D Vlpsoh
Whvw1 Mrxuqdo ri Prqh| Fuhglw dqg Edqnlqj/ 5:/ :<;0;381
^63` Vkhiulq/ K1 P1 dqg Wkdohu/ U1K1 +4<;;,1 Wkh Ehkdylrudo Olih F|foh K|srwkhvlv1 Hfr0
qrplf Lqtxlu|/ 59 +7,/ +Rfwrehu,/ 93<0761
^64` Yheohq/ W1E1 +4;<<,1 Wkh Wkhru| ri wkh Ohlvxuh Fodvv= Dq Hfrqrplf Vwxg| ri
Lqvwlwxwlrqv/ Qhz \run/ Prghuq Oleudu|/ 4<67
^65` Zlumdqwr/ W1V1 +4<<8, Djjuhjdwh Frqvxpswlrq Ehkdylrxu dqg Oltxlglw| Frqvwudlqwv=
Wkh Fdqdgldq Hylghqfh/ Fdqdgldq Mrxuqdo ri Hfrqrplfv/ 5; +7, 4468044851
54Dsshqgl{ D
Ghulydwlrq ri Htxdwlrq +7,
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Gdwd vrxufhv dqg dgmxvwphqwv
Frqvxpswlrq h{shqglwxuh gdwd=
Wkhvh duh iurp wdeohv 415 dqg 5 lq QLSD dw wkh Qdwlrqdo Dffrxqwv vlwh ri wkh Exuhdx ri
Hfrqrplf Dqdo|vlv/ zzz1ehd1grf1jry2ehd2gq41kwp1 Wkh QLSD hvwlpdwhv duh frqwdlqhg lq
wkh sxeolfdwlrq Vxuyh| ri Fxuuhqw Exvlqhvv sxeolvkhg e| wkh Exuhdx1 Wkhvh duh lq Eloolrqv
ri fkdlqhg +4<<5, grooduv ghqhg dv wkh cuhdo* vhulhv +l1h1/ fxuuhqw0groodu ydoxh glylghg e| wkh
dssursuldwh 4<<50edvhg lpsolflw sulfh gh dwru, pxowlsolhg e| d fruuhvsrqglqj txdqwlw| lqgh{
qxpehu zklfk lv wkhq glylghg e| ff1
Iorz ri ixqgv gdwd=
Fuhglw gdwd duh iurp wkh Erdug ri Jryhuqruv/ IUE zhe sdjh zzz1erj1iue1ihg1xvd1
Wkh  rz ri wrwdo oldelolwlhv/ 8u |/ dqg wkh  rz ri frqvxphu fuhglw/ 8 |/d u hi u r p o h
cxwde433g1}ls*> yduldeohv 8LDebfffD' dqg 8LDSSfff' uhvshfwlyho|1 Wkh fruuh0
vsrqglqj rxwvwdqglqj hvwlpdwhv/ u| dqg / duh iurp oh cowde433g1}ls*> yduldeohv 8uDebfffD'
dqg 8uDSSfff' uhvshfwlyho|1
Vhdvrqdo dgmxvwphqw ri fuhglw gdwd
Wkh Fhqvxv [044T15 sdfndjh zdv xvhg wr dgmxvw Iorz ri Ixqgv gdwd1 Wkh surfhgxuh lv
dydlodeoh lq HYLHZV Y1 5 exw kdv d gdwd olplwdwlrq= lw fdqqrw ghdo zlwk vdpsohv orqjhu
wkdq f | h d u vl qt x d u w h u o |g d w d 1 W rr y h u f r p hw k l vs u r e o h p /z hv s o l ww k hv d p s o hl q w rw z r
f0|hdu vxe0vdpsohv1 Wkh uvw fryhuv wkh shulrg 4<8<=404<;;=7/ wkh vhfrqg wkh shulrg 4<9;=40
4<<:=71 Iru hdfk ri wkh wkuhh yduldeohv/ zh rewdlqhg dq dgmxvwhg vhulhv dqg wkh dvvrfldwhg
idfwruv1 Qh{w/ zh frpsduhg wkh wzr dgmxvwphqw idfwru vhulhv ryhu wkh ryhuodsslqj shulrg1
Iruwxqdwho|/ doo yduldeohv surgxfhg idfwruv wkdw zhuh doprvw lghqwlfdo ryhu wkh shulrg 4<:90
4<;31 Rq wkdw edvlv/ wkh idfwruv iurp wkh uvw vxe0vdpsoh zhuh hpsor|hg wr dgmxvw wkh gdwd
ryhu wkh shulrg 4<8<=404<::=7 dqg wkh idfwruv iurp wkh vhfrqg vxe0vdpsoh zhuh xvhg wr dgmxvw
wkh prvw uhfhqw gdwd1
57Wdeoh 4= DGI dqg NSVV whvw uhvxowv
Yduldeoh [| Odjv DGI Whvwv NSVV Whvwv
+4, +5, #> #￿
Ruljlqdo ￿  3 5 7 3 5 7
F 6 0619:W 071:7W 48174W 8155W 614:W 31<4W 3165W 314<W
IO 6 06188W 09177W 41:4W 31:7W 317<W 315<W 3146 313<
IFF 3 0619<W 04814W 315< 3144 313: 315:W 3143 313:
O| 7 04153 06153W 471;6W 8138W 613;W 6133W 4135W 3196W




| : 07165W 5158W 31<8W 3196W 3166W 3147 313<
IO
3
| 3 0<185W 3165 3155 314; 3164W 3155W 314:W
IFF
n
| 3 0619<W 31:3W 315: 314; 315:W 3143 313:
IFF
3
| 3 0815;W 31;8W 316: 315: 3168W 3148W 3144
Qrwh= ￿ ghqrwhv vljqlfdqfh dw wkh 8( ohyho1 Wkh 8( dv|pswrwlf +uhvsrqvh vxuidfh, fulwlfdo ydoxhv iru ￿
dqg  duh 6=77 dqg 5=;; uhvshfwlyho|1 Wkh 8( dv|pswrwlf fulwlfdo ydoxhv iru ￿ dqg ￿ duh 3=796 dqg
3=479 uhvshfwlyho|1 Wkh DGI whvw lqfoxghv d wuhqg dqg frqvwdqw lq +4, dqg rqo| d frqvwdqw lq +5,1 Wkh ELF
fulwhulrq zdv xvhg wr vhohfw wkh odj ohqjwk1 Lq wkh NSVV whvwv/ wkh ohqjwkv ri 3/ 5 dqg 7 uhodwh wr wkh odj
zlqgrz1
58Wdeoh 5= JPP hvwlpdwlrq uhvxowv= Fuhglw Iorzv1
Uhjuhvvlrqv
+4, +5, +6, +7,
frqvwdqw 591< +619;,W 5:18 +61:7,W 5414 +6138,W 5:18 +61<9,W
{|3￿ 318< +61;8,W 318: +7163,W 3194 +7136,W 3184 +7147,W












































Kdxvpdq +K, 51:5 ^31;7` 5168 ^31;;` 5165 ^31<;` 4157 ^31<<`
Kdqvhq +qM, 4<167 ^316:` 4:167 ^317<` 4:18: ^317;` 4<1<9 ^316<`
Nxuwrvlv 31:8 ^313:` 31<; ^3135`W 31;: ^3136`W 416; ^3133`W
Qrwh= w0vwdwlvwlfv duh lq sduhqwkhvhv dqg s0ydoxhv lq vtxduh eudfnhwv1 ￿ ghqrwhv vljqlfdqfh dw wkh 8( ohyho1
59Wdeoh 6= JPP Hvwlpdwlrq= Rxwvwdqglqj Ghew1
Uhjuhvvlrqv
+4, +5, +6, +7,
frqvwdqw 5618 +617;,W 5515 +6139,W <15< +413;, 4<1< +5153,W
{|3￿ 3195 +61:5,W 3196 +7196,W 3199 +8139,W 3198 +71:8,W












































Kdxvpdq +K, 518< ^31;9` 6159 ^31::` 41<8 ^31<<` 51<: ^31<9`
Kdqvhq +qM, 4:1<; ^3179` 4:14; ^3184` 4;1;9 ^3173` 4;199 ^3174`
Nxuwrvlv 31;8 ^3137` 31<: ^3135`W 4144 ^3134`W 414< ^3133`W
Qrwh= w0vwdwlvwlfv duh lq sduhqwkhvhv dqg s0ydoxhv lq vtxduh eudfnhwv1 ￿ ghqrwhv vljqlfdqfh dw wkh 8( ohyho1
5:Wdeoh 7= JPP Hvwlpdwlrq= Rxwvwdqglqj Ghew/ XVD 4<:8=404<<:=71
Uhjuhvvlrqv
+4, +5,
frqvwdqw 6<13 +8146,W 7;16 +61:5,W
{|3￿ 3166 +51;7,W 3166 +5194,W







































Kdxvpdq +K, 313; ^31<<` 314< ^31<<`
Kdqvhq +qM, 48156 ^3198` 56138 ^3148`
Nxuwrvlv 516; ^3133`W 614< ^3133`W
Qrwh= w0vwdwlvwlfv duh lq sduhqwkhvhv dqg s0ydoxhv lq vtxduh eudfnhwv1 ￿ ghqrwhv vljqlfdqfh dw wkh 8( ohyho1
5;